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Abstract:
To make full use of photocathode material and improve its quantum efficiency lifetime, it can be necessary to operate
laser away from the cathode center in photoinjectors. In RF guns, the off-axis emitted beam will see a time-dependent
RF effect, which would generate a significant growth in transverse emittance. It has been demonstrated that such an
emittance growth can be almost completely compensated by orienting the beam on a proper orbit in the downstream
RF cavities along the injector[1]. In this paper we analyze in detail the simulation techniques used in reference[1] and
the issues associated with them. The optimization of photoinjector systems involving off-axis beams is a challenging
problem. To solve this problem, one needs advanced simulation tools including both genetic algorithms and an
efficient algorithm for 3D space charge. In this paper, we report on simulation studies where the two codes ASTRA
and IMPACT-T are used jointly to overcome these challenges, in order to optimize a system designed to compensate
for the emittance growth in a beam emitted off axis.
Key words: photoinjector, off-axis emission, genetic algorithm, ASTRA, IMPACT-T, RF effect, emittance com-
pensation
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1 Introduction
RF-gun-based photoinjectors are built to generate
high brightness electron beams with low emittance and
high charge, which can be used to drive Free Electron
Lasers [2–4], to generate THz radiation [5–7], and to
probe structural dynamics at ultrafast time scale [8].
Typically in photocathode guns, the laser excites elec-
trons in the photocathode center area to get the best
beam emittance performance. However, some situations,
especially at high repetition rate or continuous wave op-
eration, could require a beam emitted away from the
cathode center. Primary reasons are quantum efficiency
(QE) depletion in the cathode center that may develop
after a number of hours of emission [9], and cathodes
with a non-uniform QE distribution [10]. Laser off-axis
operation by making full use of the cathode area should
significantly increase the QE lifetime and allow the cath-
ode to operate for a much longer time. For example, the
Cornell DC photo-gun presently uses cathodes with an
active area off-center to avoid damage due to ion back-
bombardment [11]. When using off-axis emission in RF
guns, the beam experiences a time dependent RF focus-
ing that creates longitudinal-to-transverse correlations
along the beam that ultimately generate a projected
emittance increase.
An effective compensation mechanism for the emit-
tance growth is reported in reference [1], which states
that the emittance growth caused by the time-dependent
RF defocusing effect in the gun can be compensated by
the time-dependent RF focusing force from the down-
stream RF cavities. In this paper, we describe the com-
plex simulation set-up used in demonstrating the ef-
fectiveness of the compensation technique used in [1].
First, we present the multi-objective genetic algorithm
(MOGA) that was used for optimizing the emittance
compensation for the offset beam in the absence of space
charge (SC). This MOGA procedure defines the proper
setting for 4 couples of horizontal and vertical dipole cor-
rectors that place the beam on a particular orbit inside
the downstream RF cavities. This is for the purpose
of receiving a time-dependent RF focusing force which
compensates for the one that the beam received inside
the gun. Then, we discuss several simulation code is-
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sues, including the limitations of ASTRA’s 2D space
charge model and the limitations of IMPACT-T’s dipole
model for beams that are far off-axis. Finally in the
last part of the paper, we describe the joint-ASTRA-
IMPACTT combined simulation procedure developed to
solve those issues, and to precisely optimize the emit-
tance compensation of the off-axis emitted beam includ-
ing space charge forces in the simulations.
2 Off-axis beam emittance compensa-
tion by genetic algorithm
In this section, we will introduce a multi-objective
genetic algorithm as a useful tool to optimize high-
brightness injector parameters. Then we optimize the
performance of a beam emitted off-axis, using the APEX
injector as an example. Space charge effects are not in-
cluded in this section.
2.1 Multi-objective genetic algorithm
Genetic algorithms are inspired by characteristics in
natural selection and heredity such as crossover and mu-
tation [12]. The method of multi-objective genetic opti-
mization (MOGA) is an effective approach to solve the
problem with goals which are generally competing. The
optimizer was written by integrating the genetic algo-
rithm NSGA-II [13] together with the beam dynamics
tool ASTRA [14], which could be applied to globally
optimize high-brightness injector parameters. The opti-
mizer is written primarily in the C language, and the pro-
gram is integrated in Python which is able to call ASTRA
simulation. MOGA has been actively used in APEX de-
sign with two objectives of minimizing the emittance and
the bunch length. The optimizer typically runs in par-
allel on about 100 processors, once converged after ade-
quate generations, it shows trade-offs between the emit-
tance and bunch length.
The Advanced Photoinjector Experiment (APEX)
[15] at the Lawrence Berkeley National Laboratory is
an injector R&D facility aimed at testing the perfor-
mance of a high brightness, high repetition rate VHF-gun
[16]. The APEX project is also the current baseline for
LCLS-II injector [17]. A 100 pC charge beam is emitted
from the VHF-gun with proper emittance compensation
in solenoids [18], will be RF compressed by the buncher
[19] and further accelerated through the TESLA-type RF
cavities [20]. Finally at injector exit, the beam will be
boosted to a 95 MeV energy with a sub-µm low emit-
tance. A schematic layout of the beamline is plotted
at [1]. And details in optimization procedure and setup
for RF cavities, solenoids, etc. could be found elsewhere
[21], which determines the nominal settings used in this
paper (reference beam).
2.2 Correction of emittance growth by MOGA
Previously, we have introduced the genetic optimizer
MOGA to obtain optimal settings in the APEX injector.
Based on the nominal settings, the possible correction
procedure for an off-axis beam is investigated to reduce
the off-axis beam emittance growth. There are two pairs
of dipole correctors located upstream of the buncher cav-
ity and TESLA cavities respectively, which could be used
to steer the beam trajectory into RF cavities. We will
vary dipole settings to compensate the beam emittance
induced by the RF effect, and show the correction results
of optimization.
Assume that a beam with 2.0 mm misalignment in
horizontal, ten times of the root mean square (rms) laser
spot, is emitted on the cathode of the VHF-gun. Com-
pared with a reference beam (on-axis emitted), the final
emittance of the offset beam is increased by 3% and 148%
in horizontal and vertical, respectively. Due to almost 90
degrees Larmor rotation [22] of two solenoids, the beam
misalignment and emittance growth are exchanged in the
two planes. Simulation shows the particle distribution at
injector exit is transverse-longitudinal correlated.
In order to obtain a minimum emittance solution at
the injector exit, the bending radii (8 knobs) of the two
pairs of correctors are adjusted to change the beam tra-
jectory. The normalized rms horizontal emittance (ǫx)
and the vertical emittance (ǫy) are chosen as two ob-
jectives to be minimized. As mentioned previously, the
result is not a single solution, but instead a set of so-
lutions with a trade-off between horizontal and vertical
emittance. The final decision on the correction result is
the one that gives the minimum value of the emittance
geometric mean ǫG =
√
ǫxǫy. The minimum ǫG attained
by optimization is 0.207 µm, while the corresponding
values are 0.312 µm for the off-axis uncorrected beam
and 0.196 µm for reference beam, respectively. It indi-
cates that the optimization scheme could almost remove
the emittance dilution due to off-axis emission. MOGA
algorithm is a useful method to optimize dipole correc-
tor setup for emittance compensation. More results and
analysis are reported at [1].
Simulation shows that steering the beam back into
axis alignment results in a larger transverse emittance.
And optimized beam tracking shows the corrected beam
maintains misalignment in the RF cavities. This means
dipole corrector cannot directly reduce the emittance. It
is the beam misalignment through the RF cavities that
does the correction job. The beam emittance growth
when laser off-axis emitted is due to time-dependent
RF defocusing, which could be compensated by time-
dependent RF focusing in other RF cavities. Since this
RF effect is independent of SC effect, the correction pro-
cedure without consideration of space charge is still fea-
sible. Further SC calculation will be included later.
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3 Simulation issues
So far we have optimized the off-axis beam without
SC calculation. However, the SC field may change the
particle longitudinal distribution thus significantly influ-
ence the off-axis beam. ASTRA and IMPACT-T are
both popular simulation tools to track the particles in
an injector. During the simulation, we found the 2D
space charge algorithm in ASTRA can not calculate the
SC accurately when tracking the off-axis beam. While
it is difficult for IMPACT-T to model dipole correctors.
Before proceeding optimization with the SC effect, we
will discuss specific restrictions on both of the codes and
find the corresponding solutions.
3.1 ASTRA limitation and its solution
Since IMPACT-T has been demonstrated as an accu-
rate beam dynamics code, it is a good benchmark for the
ASTRA simulation results. ASTRA contains algorithms
for both 2D (R-Z axisymmetric) and 3D space charge.
For a reference beam with or without SC field, the 2D
ASTRA simulation is precise and coincides with the 3D
IMPACT-T result. But it is not true for the off-axis
case. The Fig. 1 shows the transverse emittance com-
parison between the on-axis and off-axis beams, through
SC simulations of the two codes.
Fig. 1. (color online) Comparison of space charge
calculation by ASTRA and IMPACT-T
For the on-axis case, the two codes give the results
with a good agreement. While for the off-axis case, the
2D ASTRA and IMPACT-T show an obvious difference
when including SC calculation. Because the 2D SC algo-
rithm will introduce a spurious nonlinear SC field when
dealing with a transverse-longitudinal correlated beam.
Limitation sketch of 2D grid in the ASTRA SC calcula-
tion is shown in Fig. 2. The cylindrical grid setup will
assume a constant charge density inside a ring, which in-
dicates the asymmetric beam would see a spurious non-
linear SC field. ASTRA will regard the maximum trans-
verse dimension as the bunch size, and introduce an emit-
tance calculation error. People could verify it by a simple
simulation test.
Fig. 2. (color online) Schematic of ASTRA 2D
cylindrical grid and the spurious space charge field
dealing with the correlated beam
There are two possible ways to solve the issue, they
are
1) By ASTRA SC calculation with the 3D algorithm.
ASTRA is capable of 3D SC calculation, with more grid
numbers and more macroparticles, to get a sufficient sta-
tistical accuracy. However, the ASTRA 3D algorithm
of the present version does not provide special features
for the particle emission from a cathode, and the image
charge force is not included. During the emission the
grid setup has completed in a fairly short time. Overall,
the 3D algorithm is restricted in SC calculation in the
RF gun hence should not be used to simulate the off-axis
beam.
2) By precise SC calculation with 3D IMPACT-T al-
gorithm. IMPACT-T is a fast and accurate code using a
3D quasi-static model for high brightness beam dynam-
ics simulation [23]. IMPACT-T can describe the off-axis
beam precisely, especially for the case of beam emission
from an RF gun.
3.2 IMPACT-T limitation and its solution
We choose the IMPACT-T to simulate the off-axis
beam due to its fast and accurate SC treatment but
it’s not that easy. There are also some limitations in
the IMPACT-T optimization process. On the one hand,
the MOGA optimizer is integrated with the 2D ASTRA,
and we did not have access to a MOGA optimizer using
IMPACT-T. On the other hand, there is not a straight-
forward way to add dipole correctors in IMPACT-T. In
this subsection, we will discuss the restriction of the
dipole setting and find a way to solve the problem.
The dipole element is included in IMPACT-T, and
the bending magnet is modeled by an area of constant
vertical magnetic field and two areas of fringe field on
both dipole ends. One needs to define four linear equa-
tions as the pole faces, and several Enge parameters [24]
as the fringe region. Before the beam entering the mag-
net, a reference particle is defined by the beam centroid
in the local coordinate system [25]. Based on the initial
longitudinal coordinates of the reference particle, both
the macroparticles and the reference one are moving in
the dipole magnetic field. When dealing with the SC cal-
culation, all macroparticles coordinates are rotated into
the coordinate system originating at the reference one.
After finishing the bend, the macroparticles coordinates
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are transformed back to the coordinate system of the
reference particle. However, the code only supports a
horizontal bending (By) at the moment. People need
to exchange x and y coordinates in advance if a verti-
cal bending is required, and the code does not support
repetitive coordinate exchanges.
Meanwhile, IMPACT-T assumes the reference parti-
cle will move through the axis of the dipole and into the
axis of the next element [25], which means that the over-
all beamline will be modified. While the dipole corrector
used in off-axis beam correction is to steer the beam tra-
jectory and give the beam a certain offset into the next
element. Anyhow, the dipole element is more suitable for
a magnetic compressing or beamline bending instead of
the beam correcting, thus should not be used to correct
the off-axis beam. It could be certificated by a simple
beam trajectory tracking.
To realize the beam correction, we propose to cre-
ate the electromagnetic field distribution to represent a
quasi-corrector. The element “EMfldCart” in IMPACT-
T can read a discrete electromagnetic field (Ex, Ey, Ez,
Bx, By, Bz) as a function of (x, y, z) from a “T7” or
“T8” type file. IMPACT-T will solve the electron mo-
tion equations with contributions from both the exter-
nal fields and the space charge fields, which presents the
beam dynamic simulations in the global coordinate. Af-
ter characterizing the field range, grid setting, peak field
strength and geometric boundary, we could generate the
required field data.
3.3 Dipole field characterization in two codes
Since the MOGA has already optimized the setup
for the dipole correctors, one would naturally think of
imitating the dipole field in ASTRA and developing an
equivalent electromagnetic field in IMPACT-T. It is nec-
essary to compare the dipole field characteristics between
the two codes.
3.3.1 The bending dipole setup in ASTRA
A parameter “Gap” is defined to describe the dipole
fringe field. The magnetic field in the transverse plane
decays outside the dipole as [14]:
Bx,y(d)=B0
(
1+exp4d/Gap
)−1
, (1)
where B0 is the peak field of the dipole. And d is the
normal distance from the dipole edge, which has a max-
imum extension of 1.5 ·Gap.
We assume each corrector has a geometric length of
20 mm, and a “Gap” of 6.5 mm. The corresponding
fringe field has an extension of 10 mm. Further increase
of the “Gap” will bring about an “overlap error” and
break the simulation down. People should make sure
that the magnets in the two transverse planes do not
overlap.
3.3.2 The field data setup in IMPACT-T
The magnet in IMPACT-T is also assumed as a
length of 20 mm. When generating a magnetic field,
the analytical formulas in [26] are referred to describe
the fringe field. A “gap” parameter is provided as well
(distinguished from the “Gap”), unlike in ASTRA, the
fringe field is extended at least 5 ·gap. A shorter ex-
tention of the fringe field will lead to an unreasonable
emittance increase. For the same range of 10 mm fringe
field and a negligible emittance increase, the gap is set as
0.5 mm with a high resolution of grid. The on-axis field
distribution of the dipole corrector is shown in Fig. 3.
Fig. 3. (color online) IMPACT-T normalized mag-
netic field of the dipole corrector
4 The joint-ASTRA-IMPACTT opti-
mization program
In the previous section, we have discussed the limi-
tations in the off-axis beam simulation using both AS-
TRA and IMPACT-T. The advantage of ASTRA is its
integration with an available MOGA optimizer, which
could select optimized solutions from tremendous results
of beam dynamic simulations. While ASTRA can not
calculate the SC precisely. The advantage of IMPACT-T
is the accurate model for an efficient SC calculation of the
off-axis beam. With the created magnetic field data, the
correction procedure could also be realized. While we did
not have access to a MOGA optimizer using IMPACT-T,
and IMPACT-T is not able to scan multiple parameters
simultaneously. Neither magnets optimization nor pa-
rameter scanning is available without the use of external
scripts.
To combine their superiorities, and optimize the off-
axis beam reliably, a joint-ASTRA-IMPACTT program
is proposed. Before introducing the “recipe” of the joint
program, the IMPACT-T simulation results should be
benchmarked against the ASTRA ones.
4.1 Codes benchmark
We assume two identical beams go through a single
dipole corrector in ASTRA and IMPACT-T respectively,
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and compare the evolution difference (without the SC
calculation). In Fig. 4, the transverse beam emittance
and centroid evolutions are compared between ASTRA
and IMPACT-T. Simulation shows that the beam emit-
tance at the exit of the dipole is almost the same for
the two codes, while the beam trajectory does not com-
pletely agree. Under the same magnetic strength, the
IMPACT-T bends the beam more than the ASTRA does.
It is manifested that one needs to decrease the peak field
in IMPACT-T to benchmark against ASTRA. Figure 4
provides some guidelines to adjust the field strength in
IMPACT-T.
Fig. 4. (color online) Transverse emittance (top
figure) and centroid (bottom figure) evolutions
comparison of ASTRA and IMPACT-T with a
single dipole
4.2 Procedure of the joint simulation scheme
The “recipe” of the joint simulation procedure is de-
scribed as follows:
1) Tracking an off-axis beam (250k-particle) from the
cathode to the gun exit, including a 3D SC calculation.
2) Randomly cutting down the particle number from
250k to 50k, transforming the distribution data from the
IMPACT-T format to the ASTRA format.
3) Shutting down the SC, optimizing the off-axis
beam by MOGA optimizer.
4) Based on the optimized bending radii of the correc-
tors, tuning the field strengths in IMPACT-T carefully
until the beam trajectories of the two codes are identical
(without SC).
5) Once the magnetic settings in IMPACT-T are ac-
quired, the 3D SC “start-to-end” off-axis beam simula-
tion could be finally realized.
We firstly track the off-axis beam using IMPACT-T,
because at very beginning in an RF gun, the beam has
already been affected by the significant RF effect, thus
a precise particle simulation with the 3D SC calculation
is essential. The decrease of particle number in step 2)
is conducive to the efficiency of the optimization. As the
more particle number involved, the longer time that the
optimizer will take to converge. A Matlab script is writ-
ten to transform the distribution format automatically.
For a complete beam tracking in the last step, 250k par-
ticle is suggested to evaluate the SC effect of the off-axis
beam more accurately.
4.3 Simulation results without space charge
field
According to the steps above, we will firstly follow the
method in Section 2, and update the MOGA optimiza-
tion results using the initial particle distribution from
IMPACT-T. Updated bending radii with tuned magnetic
field strengths will be listed in Table 1.
Based on the average beam energy, the bending ra-
dius is transformed to the magnetic field strength B as
B=
βγmc
eR
, (2)
where c is speed of light, m and e are the electron rest
mass and charge. β is the ratio of the electron velocity to
c, and γ = 1/
√
1−β2. Different position of the injector
corresponds to the different beam energy thus a different
relationship between B and R.
Fig. 5. (color online) IMPACT-T (dash lines) and
ASTRA (solid lines) beam trajectory comparison
with an identical magnetic field strength
Secondly, by tracking the beam without SC in the two
codes, we found that the relative difference of transverse
emittance is 3.8% and 23.1% in the horizontal and ver-
tical, respectively. It indicates that the beam emittance
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in the IMPACT-T simulation may not be fully compen-
sated due to a possible trajectory misalignment in the
dipoles. Further comparison of the beam transverse cen-
troid evolutions is plotted in Fig. 5. There is an obvious
deviation in the beam trajectory of IMPACT-T. (The
horizontal coordinate is the distance from the cathode.
The location of each component could be found in the
figure, and the corresponding representation will be ex-
plained in Fig. 6.)
Thirdly, we need to finely adjust the magnetic
strengths in IMPACT-T until the trajectories of two
codes match. After the calibration, the beam cen-
troid evolutions of the two codes are identical now.
The optimized bending radii from MOGA, the mag-
netic strengths in ASTRA, and the magnetic strengths
in IMPACT-T are listed in Table 1. The first two cor-
rectors are located upstream of the buncher cavity, and
the third and fourth correctors are located upstream of
the first TESLA cavitiy. A negative bending radius rep-
resents a bending direction opposite to the positive one.
Simulation shows that the trajectories of the two codes
are identical after the IMPACT-T alignment, and the
beam emittances at the injector exit are basically the
same. It means that the emittance of the off-axis beam
by IMPACT-T simulation is compensated as the MOGA
expects. The final emittance of the offset beam is only
increased by 3% compared with the reference beam.
Overall, the joint-ASTRA-IMPACTT scheme is at-
tainable and effective. By the MOGA optimization with-
out consideration of space charge, the transverse emit-
tance of the off-axis emitted beam is successfully com-
pensated. If we compare the updated optimization result
with the previous one in Section 2, we found the beam
emittance is further suppressed.
Table 1. Correctors setting in MOGA, ASTRA, and IMPACT-T
Correctors R in MOGA /(m) B in ASTRA /(T) B in IMPACT-T /(T)
First corrector in horizontal 0.643 0.00626 0.00587
First corrector in vertical 99.876 4.03×10−5 2.50×10−5
Second corrector in horizontal 14.889 2.71×10−4 2.20×10−4
Second corrector in vertical 9.998 4.03×10−4 3.70×10−4
Third corrector in horizontal -11.582 3.56×10−4 3.57×10−4
Third corrector in vertical 51.141 8.06×10−5 8.07×10−5
Fourth corrector in horizontal -0.996 0.00414 0.00382
Fourth corrector in vertical -1.242 0.00332 0.00310
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Fig. 6. (color online) Emittance (top figure) and centroid (bottom figure) evolution of optimized corrected beam,
and the uncorrected beam. As the results of the joint-ASTRA-IMPACTT simulation program including 3D SC
calculation.
4.4 Results of the joint simulation including
space charge effect
It has been verified that the joint simulation program
is operable, and the SC calculation of the off-axis beam
should be finally available. With the same correctors
setting as Table 1 and SC switched on, IMPACT-T will
present the simulation in a large number of macropar-
ticles. Firstly, the trajectory comparison between with
and without SC shows that the transverse centroid evo-
lution is not modified at all, which ensures the off-axis
beam is optimized correctly by the dipole correctors.
In Fig. 6, the rms emittances and the transverse beam
centroids of the offset uncorrected beam and the offset
optimized beam are compared. In the top figure, the
transverse emittance of the optimized beam (solid lines)
is remarkably reduced compared with the one before cor-
rection (dotted lines). It demonstrates that the joint op-
timization scheme could effectively compensate the emit-
tance growth of the off-axis emitted beam. With SC
consideration, the emittance growth (especially in the
vertical plane) is greatly decreased from 168% to 17%
(compared with the reference beam).
5 Conclusion
Research illustrated that a beam emitted off-axis
from an RF photocathode gun experiences a time-
dependent defocusing force, which leads to a transverse
emittance increase [1]. The reference also describes a
method to compensate for this emittance growth, by
steering the beam on a proper orbit inside the other RF
cavities downstream of the gun to impress an opposite
time-dependent focusing effect. In this paper, we pro-
vide a detailed description of the simulation suite devel-
oped for the validation of the compensation procedure
described above. A multi-objective genetic algorithm is
utilized to optimally compensate for the transverse emit-
tance increase in the beam emitted off-axis. We also de-
scribe the limitations associated with the two codes used
in the study (ASTRA and IMPACT-T) and the simula-
tion procedure that was developed to use the two codes
in the proper sequence to avoid the limiting factors and
provide the correct compensation results.
The authors would like to thank Dr. Ji Qiang, Dr.
Houjun Qian, Dr. Daniele Filippetto, Dr. Macro Ven-
turini, and Dr. John Staples for insightful discussions.
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